Young humans are typically sensitive to evolutionarily important aspects of information in the surrounding environment in a way that makes us thrive. Seeking to probe the putative disruptions of this process in infancy, I examined the statistical character of head movements in 52 9-10 mo-old infants, half at high familial risk (HR) for Autism Spectrum Disorders (ASD), who underwent an fMRI scan while listening to words spoken with alternating stress patterns on syllables. Relative to low risk (LR) infants, HR infants, in particular those showing the least rapid receptive language progress, had significantly lower noise-to-signal levels and increased symmetry. A comparison of patterns during a native language and a sleep scan revealed the most atypical ordering of signatures on the 3 tasks in a subset of HR infants, suggesting that the biological mechanism of language development is least acquisitive in those HR infants who go on to develop ASD in toddlerhood.
Introduction
The signal of atypical development in infants at high familial risk for developing Autism Spectrum Disorders (ASD) can now be quantitatively detected and predicted as early as 1-2 months after birth (Denisova & Zhao, 2017) . One approach to begin specifying potential cognitive and neurobiological systems that may contribute to ASD diagnoses in High Risk infants (High Risk, HR is defined by virtue of having an older biological sibling with ASD) is to work within a framework that considers the types of constraints (cf. Denisova & Zhao, 2017) employed by our brain when organizing unstructured, underdetermined inputs that arrive at our sensory organs. For example, in the context of visual perception, our visual system has evolved "to reflect regularities in how objects tend to move and transform" in the physical world (Denisova, Feldman, Su, & Singh, 2016) ; humans are more sensitive to biomechanically plausible (vs. implausible) shape transformations . This process generates fundamental information for "the basis of interaction for living organisms" (Denisova, 2011) and informs current and future behaviors, including approach (food or friend), avoidance (foe), appraisal (prediction of how the object or person will behave in the future and determining suitability for joint endeavors such as parenting or mating, cf. Shepard, 2001) , and communication.
A major yet underexplored question is whether infants at high risk for ASD have a disruption in sensitivity to detect evolutionarily important information in their environment. In particular, as in the case of vision (Reid et al., 2017) , not all data points in the auditory stream may be equally informative for humans. For our current purpose, the simple idea here is that certain aspects or features of the auditory stream (e.g., human speech) are represented more explicitly than others (e.g., white noise) in young humans. Indeed, a substantial body of developmental research indicates that typically developing infants normally "tune in" to important aspects of their environment, supporting learning and development. Typically developing infants are preferentially sensitive to their mother's voice rather than another female's voice (DeCasper & Fifer, 1980) and infants are sensitive to timbre, a feature of infant-directed speech or "motherese" (Piazza, Iordan, & LewWilliams, 2017) . Conversely, the inability to be sensitive to evolutionarily-important information in one's environment in early life may contribute to atypical development, including atypical communication competence.
Our recent work has provided the first evidence that relative to 1-2 mo-old low risk (LR) infants, age-matched HR infants had context-inflexible movement signatures during a resting-state functional Magnetic Resonance Imaging (rs-fMRI) scan relative to a functional MRI (fMRI) during which native language was presented to them (Denisova & Zhao, 2017) . At 9-10 months, HR infants continued to show the noisiest patterns during sleep rs-fMRI, while showing abnormally less noisy signatures while listening to native language (Denisova & Zhao, 2017) . In addition, we also established that as a group, HR infants are not expected to develop in a normative manner: whether or not HR infants presented with ASD diagnoses as toddlers or even at a 7-year follow-up in childhood, their Mullen's Early Learning Composite (ELC) scores and/or Vineland's Adaptive Behavior Composite (ABC) standard scores were significantly lower relative to LR infants. Many HR infants are expected to have heterogeneous clinical outcomes, with two-thirds (up to 68%) presenting not just with ASD, but also with ADHD, anxiety, as well as subthreshold ASD symptoms (Denisova & Zhao, 2017) .
Although the 1st year of life represents a highly sensitive and transformative period for cognitive development in humans, we have little knowledge about the way in which subtle atypicalities in neural mechanisms that normally help shape social communication competencies may be disrupted in HR infants. One key outstanding question, for example, is whether vulnerabilities in a certain brain system (e.g., vocal learning, which subserves both speech perception and production, and is important for effective communication) may be more likely to produce ASD in HR infants rather than atypical development in general.
The aim of the current study is to expand upon the previous investigation (Denisova & Zhao, 2017) of the HR and LR cohort from the NIH-supported National Database for Autism Research (NDAR), focusing on a new language condition given to infants at the end of the 1st year. While our previous findings in this sample show the earliest quantitative evidence to date that HR infants may be less attuned (or sensitive) to evolutionarily important aspects of their environment (Denisova & Zhao, 2017) , it remained unclear whether the findings at 9-10 months were due to a specific language condition (simply listening to speech), or whether between-group differences would still emerge when infants were presented with a more structured input (stimuli consisting of words with alternating stress patterns). The alternating syllabic stress condition would be a novel condition for infants who have been listening to English, a stressed language. For this reason, 9-10 mo-old infants may be expected to react (for example, with increased head movements) when hearing language stimuli with anomalous stress patterns, such as when hearing unstressed words, or words on which stress on syllables is placed at random. Head movements while hearing auditory input with highly anomalous stress patterns on words may distinguish infants at different levels of language competence on standardized instruments.
In the current study, I was able to take advantage of the rich phenotypic and behavioral data in this cohort (including scores on the language subscales on the Mullen Scales of Early Learning (Mullen, 1995) ) as well as clinical assessments (including recently available ASD clinical outcomes for these infants when they became toddlers), allowing a more specific examination of the link between movement signatures while listening to sounds and future developmental outcomes. In addition, in order to build a strong case for the presence of atypical language abilities in HR relative to LR infants, I also analyzed published data from high-risk sibling studies with known ASD outcomes that reported standard scores on the language subscales on the Mullen Scales of Early Learning (Mullen, 1995) . Finally, although ASD has a strong genetic component, the specificity of the genetic contributors to the highly complex process of language development in infants, particularly in those at risk for ASD, remains unexplored. Thus, in an exploratory, hypothesis-generating analysis, I probed published genetic studies of vocal learning and genetic studies of autism.
Methods

Experimental design
Data used in the preparation of this study were obtained from the NIH-supported National Database for Autism Research (NDAR). NDAR is a collaborative informatics system created by the National Institutes of Health to provide a national resource to support and accelerate research in autism. Dataset identifier (along with the Submitter) is NDARCOL0002026 (Susan Bookheimer). All data are de-identified in compliance with U.S. Health Insurance Portability and Accountability Act (HIPAA) guidelines. Research protocols (including neuroimaging, behavioral, and clinical assessments) were reviewed and approved by original investigators' Institutional Review Board, and signed written informed parental consent was obtained by original study investigators in accordance with U.S. 45 CFR 46 and Declaration of Helsinki for participation. Analyses of these de-identified data were reviewed and approved by, and a waiver of informed consent was obtained from, the Institutional Review Board of Columbia University Medical Center. In addition to the (i) NDAR dataset, the current work explores data from publications, including (ii) representative High Risk infant publications reporting scores on the language subscales of the Mullen Scales of Early Learning and (iii) studies of genetics of vocal learning in songbirds (specifically, zebra finches) and studies of genetics of autism. The details on ii and iii are provided below. This experimental design allows for a comprehensive probe into the emergence of atypical language development in children at high familial risk for autism.
NDAR
(i) The current study's NDAR sample included 52 infants with functional Magnetic Resonance Imaging (MRI) scans at 9-10 months and with longitudinal behavioral and clinical assessments between 6 and 36 months. There were N = 26 High Risk (HR) and N = 26 Low Risk (LR) infants. High Risk is defined by virtue of the participating infant having an older biological sibling diagnosed with ASD. Participants were healthy, full-term infants who met inclusion criteria (normal pregnancy with no complications and birthweight > 3000 g) during recruitment at Autism Center of Excellence at UCLA.
Overall for this dataset (N = 52), the Male to Female ratio (M/F) is 31M/21F (ratio by risk status: HR (18M/8F) and LR (13M/13F)). Participants were scanned at approximately 9-10 months of age: there were N = 22 9 mo-olds and N = 4 10 mo-olds in the HR group, and N = 24 9 mo-olds and 2 10 mo-olds in the LR group.
The focus of the current work is on the recently released language listening condition given only at 9-10 months, in which infants listened to human speech in 3 blocks (stressed, unstressed, and randomly stressed words) lasting 144 s each (order counterbalanced) during an 8.2 min fMRI scan. All available fMRI datasets for this condition from all 9-10 mo-old infants were analyzed, except one additional dataset from a participant in the HR group, whose scan was incomplete (only several volumes of data were available).
In order to compare movement signatures during the new language condition (hearing words with alternating stress on syllables) relative to the two previously reported conditions at 9-10 months (sleep and hearing native language), neuroimaging data from these two other conditions acquired at 9-10 months in these infants are also included and processed in the present work. About 1/3 of the sleep and native language datasets represent data from newly released infant participants (i.e., ∼29% of currently included sleep and ∼34% native language datasets are from new participants). There were 52 datasets for the rest condition (N = 26 HR , N = 26 LR ) and 50 for the native language condition (N = 25 HR , N = 25 LR ).
The neuroimaging and associated clinical outcome and behavioral data are those included in the May 2018 NDAR data release. The behavioral data include assessments on the Mullen Scales of Early Learning (Mullen, 1995) , which were administered at multiple time points (from 6 to 36 months for most infants from both cohorts) and include standard scores on the language subscales. There were a total of 174 data points contributed by HR and LR infants (representing 90 data points from N = 26 HR and 84 data points from N = 25 LR infants). The main analyses pertaining to ASD outcomes in the HR cohort utilize all clinical and medical information, including scores on the Toddler Module of the Autism Diagnostic and Observational Schedule (ADOS-2; Lord et al., 2000) at 18 months (N = 24 HR ), and additional information when available, including gold standard diagnoses of ASD (based on the ADOS-2 Module 1 at 36 months), whether infants failed critical items on the M-CHAT (Robins, Fein, & Barton, 1999 ) (given at approximately 24 months; N = 12 HR ), as well as whether infants have had seizures, are non-verbal, whether the infants were exposed in-utero to prescription medication, and whether the HR infant has more than 1 sibling with an ASD.
Representative high-risk infant-sibling publications
(ii) Because the focus of the current work is on elucidating language development in infants at high risk for atypical development, I asked whether HR infants receive atypical scores on Receptive Language (RL) and Expressive Language (EL) subscales on the Mullen Scales, using data from several representative infant-sibling publications who have a diagnosis of ASD in toddlerhood. I examined recent representative infant-sibling studies (Chenausky, Nelson, & Tager-Flusberg, 2017; Ekas, McDonald, Pruitt, & Messinger, 2017; Lazenby et al., 2016; Ozonoff et al., 2015) that reported average scores on EL and RL subscales for their participants (∼N = 774) with known ASD outcomes for HR infants, from a total of approximately ∼616 HR (∼108 were "HR ASD positive" and ∼508 "HR ASD negative") and ∼158 LR infants. I focused on publications that reported an "HR ASD positive" status rather than "ASD" status (i.e., as the "ASD" status comprised both HR infants and those LR infants who converted to an ASD diagnosis). Three of these studies (Chenausky et al., 2017; Ekas et al., 2017; Lazenby et al., 2016) included LR infants as comparison; and while one did not (Ozonoff et al., 2015) it drew from a sample (Baby Siblings Research Consortium) similar to Lazenby and colleagues' study (Lazenby et al., 2016) . Lazenby et al. (2016) Table 2 in Lazenby et al. (2016) ; Table 1 in Ekas et al. (2017) ; Table 1 in Chenausky et al. (2017) ; Table 5 in Ozonoff et al. (2015) ).
Genetics of vocal learning and genetics of autism publications
(iii) I began probing the genetic basis of atypical development of vocal learning in humans using available information from published songbird genetics studies and from published autism genetics studies. While presenting sequenced data from the current sample of infants would have been an important strength, the NDAR dataset had saliva samples (i.e., and not whole blood, which was acquired at a later date) and analyses were not available as of the writing of this report. Further, there are ongoing uncertainties about how to link phenotypic and genetic information to predict emergence of atypical neurodevelopment. As such, while I did not have accompanying results from this specific dataset, I believe that including these findings in the present work would be useful to formulate new, targeted hypotheses to study the biological underpinnings of atypical language development in humans. In particular, while likely gene-disrupting (LGD) de novo (DN) mutations (Iossifov et al., 2014) are a concern because of their high penetrability, Parikshak and colleagues noted that "ASD can result from milder hits to the same proteins affected in more severe disorders associated with severe ID" (Intellectual Disability) (Parikshak et al., 2013) . In their study on convergent genetic expression of vocal learning, Pfenning and colleagues identified a set of 55 genes that "contributed to the convergent shared specialized expression" between corresponding vocal motor cortex areas in zebra finches (songbirds) and humans (specifically, the songbird robust nucleus of the arcopallium (RA) and the human laryngeal motor cortex, LMC/dorsal somatosensory laryngeal cortex, dLSC) (Pfenning et al., 2014) (Supplementary  Table S6 in Pfenning et al. (2014) ). I probed a selected set of these genes (Pfenning et al., 2014) for each gene's LGD score computed in an autism DNA sequencing study (Iossifov et al., 2015) .
Analyses: NDAR
MRI acquisition parameters. Functional MRI (fMRI) Blood Oxygenation Level-Dependent (BOLD) data were acquired using a T2*-weighted echo planar imaging (EPI) sequence at 3 Tesla MR scanner. The acquisition parameters for the language scan with alternating stress patterns on words were: [Time of Repetition, TR/TE: 3000/28 ms, flip angle = 90°, FOV = 192 × 192 mm, 56 × 56 matrix, 34 axial 4 mm slices], with scan duration of 8 min 42 s (174 volumes) (Note: the sampling rate for the alternating stress language condition is TR = 3000 ms, or 1/3 Hz). The full details of the EPI pulse sequence in the other two conditions, for sleep rs-fMRI (TR = 2000; 240 volumes) and native language fMRI (TR = 3000 ms; 144 volumes) scans are in (Denisova & Zhao, 2017) . To enable comparison of movement data across all three conditions and in order to equate sampling resolution and length (given different TR and total scanning length for the three scans), the volume time series were resampled to measure volume position every 6 s, and all time series were truncated to length of 72 data samples prior to statistical analyses.
Estimation of head movements. Head movements during the functional MRI scan were estimated using standard pre-processing steps using free, open-source software (Friston et al., 1995; Friston, 2008) . Briefly, rigid-body transformations during the scan were obtained using Statistical Parametric Mapping (SPM8), running MATLAB version 8.3 (R2014a) (The MathWorks, Inc., Natick, MA). For each participant, 3D volume image files in NIFTI format (.nii) were preprocessed to obtain 3 linear (translations in x, y, and z directions) and 3 rotational (pitch: about the x-axis, roll: about the y-axis, and yaw: about the z-axis) parameters (in radians; converted to degrees (*180/pi)).
Speed. Linear and angular parameters were converted to speed using standard formulas in order to study the statistical features of the signal as a Gamma process (see below), without a priori assumptions about the signal's underlying distribution (i.e., Gaussian or non-Gaussian) using maximum likelihood estimation (MLE) procedure in MATLAB. Speed is computed as the linear (or angular) difference (delta, ) between position of sequential volumes per unit time, equal to inter-scan interval (TR). The linear speed is given by:
(1) (to give an example in the case of the x direction, designates change between volume '2' and preceding volume '1':
(1) ). The angular speed is given by:
Linear speed is expressed as mm/second. Angular coordinates were Euler angles and angular speed is expressed in deg/second. Time series were filtered in order to study the signal as a continuous Gamma process (Denisova & Zhao, 2017 ) (different filter types and widths were tested; the current work uses a triangular filter, with width parameter = 3). Because during the scan, the participants' head is constrained in order to reduce potential head movements (even small head and body movements can impact the quality of acquired data; see, e.g., Denisova, 2019) , it is difficult to know whether angular, relative to linear, speeds may more accurately reflect auditory or cognitive processes; thus, data from both are included in the current work. Main analyses use all data; in addition, key analyses were repeated using 'normalized peaks' time series by obtaining peaks (speed maxima) in the raw speed time series and normalizing them by surrounding peaks (Denisova & Zhao, 2017; .
Statistical analyses. As in previous studies (Denisova & Zhao, 2017; analyses were performed (see below) on individual participant's data, as well as pooled data across subgroups, including autism risk status (High and Low familial risk for developing autism) and progress on the Mullen RL scores. Subgroup analyses proceed by combining individual participant-level data, and then performing a single distributional fit on the time series (see below). The Gamma distribution is a two-parameter family of continuous Probability Distributions (PDs), ranging from Gaussian (normally distributed, symmetrical) to Exponential (more random and noisy, heavytailed). The probability density function (PDF) of the Gamma distribution is defined as:
where Γ( ) is the Gamma function (modeling sums of exponentially distributed random variables), and a and b are its shape and scale parameters, respectively. Large a values (presented along the x-axis) mean that the distribution is closer to the normal (Gaussian) distribution, whereas smaller values indicate a shift toward a more Exponential distribution. Small b values (y-axis) indicate lower noise-to-signal levels. MATLAB's fitdist function estimates 95% Confidence Intervals (CIs) for Gamma fits using the MLE procedure. The functions and tools (e.g., the cftool) in the Statistics and Machine Learning and Curve Fitting Toolboxes in MATLAB 8.3 (R2014a) (MathWorks, Natick, MA, USA) were used for all statistical analyses. MATLAB's MLE-based fitdist algorithm successfully converged on a solution for every participant and all subgroupings, for all fits reported. The power relation (f (x) = a * x^b) between individual participants' parameter estimates of shape and scale was studied to help visualize deviation from linearity for infants at high vs. low risk for developing ASD. Kruskal-Wallis (a non-parametric test of analysis of variance) tested whether individual parameter estimates were different between HR and LR infants (level of significance was set at alpha = 0.05). Non-parametric tests were used; the normality assumption of data was formally tested. Following our previous work (Denisova & Zhao, 2017; and here examining the new language condition, I probed whether movement data are normally distributed or not using 3 tests, Kolmogorov-Smirnov (K-S), Lilliefors, and Jarque-Bera. This analysis established that the observed data (8889 speed data points across all 52 fMRI datasets for the alternating stress language condition, examined separately for angular and linear speeds) are not normally distributed (K-S, P < 0.001, Lilliefors, P = 0.001, Jarque-Bera P = 0.001). The two-sample K-S test compared empirical cumulative distribution functions (eCDFs) between HR and LR infant cohorts.
Subgroupings: estimating RL language trajectory on the Mullen Scales and linking fits with movement signatures. Estimation of an early developmental trajectory on the RL scores on standardized, widely used instruments such as the Mullen (1995) may be informative when examining early language development. The trajectory from scores at multiple administrations of the instrument (from 6 to 36 months for most infants) is derived for each infant, following (Denisova & Zhao, 2017) . Using cftool in MATLAB, individual power fits on the RL T scores were computed for each of the infants who had multiple scores (N = 26 HR , N = 25 LR ). The exponents (i.e., the slopes) of the fits were used to rank-order infants within each risk cohort into subgroups (using the median) with a higher (more rapidly rising function, "progress") or a lower (less rapidly rising function, "stuck") RL trajectory. The "progress" HR group included N = 13 HR infants; the "progress" LR group included N = 13 LR infants. The "stuck" HR group included N = 13 HR infants and the "stuck" LR group included N = 12 LR infants.
Subgroupings: linking ASD manifestations with movement signatures. This work examined the link between autism manifestations for the 24 out of 26 HR infants for whom clinical data were available, and movement signatures at 9-10 months; infants were flexibly subgrouped in 2 different ways to allow for the heterogeneity of ASD manifestations with age. On the basis of available clinical and medical history information, the "ASD" quantitative best estimate subgroup (N = 4) comprised three infants who received an ASD diagnosis at 36 months and one infant who was non-verbal, had seizures, had inutero exposure to medication, placed in the Moderate-to-Severe range of concern at 18 months on the ADOS-2 Toddler Module, and who failed critical items on the M-CHAT (Robins et al., 1999) , but for whom autism diagnostic status at 36 months was not available. Note that from this ASD subgroup, for N = 3 infants with a confirmed ASD at 36 months, none had scores that would place them within the Moderate-to-Severe range of concern at 18 months, highlighting an instance of variation in autism manifestations and diagnoses with age. The second subgrouping (N = 9) comprised infants with Total scores greater than 5 on the Toddler Module at 18 months; no infant failed M-CHAT. The third subgrouping contained infants (N = 11) whose scores placed them within the Little-to-No concern range at 18 months on the ADOS-2 and with no reported clinical concerns.
In the supplementary analyses, HR infants were subgrouped only on the basis of their score on the ADOS-2 Toddler Module administered at 18 months, without taking into consideration how these infants may score in the future or any of their medical history information (N = 18 HR infants had ADOS Total scores < 8, placing them within the Little-to-No concern range (Group average = 4.6 ADOSTot ); N = 3 HR infants had scores ranging between 10 and 13, within the Mild-toModerate concern range (Group average = 12 ADOSTot ); N = 3 HR infants had scores ranging between 16 and 20, placing these infants within the Moderate-to-Severe concern range (Group average = 18 ADOSTot )).
Analyses: representative high-risk infant-sibling publications
For each of the four studies (Chenausky et al., 2017; Ekas et al., 2017; Lazenby et al., 2016; Ozonoff et al., 2015) , for each infant group and for each subscale (RL and EL), 95% Confidence Intervals around the mean were computed, using standard deviation (s), mean of sample (x), and sample size (n) values and the following formula:
Analyses: songbird and autism genetics publications
There were 14 out of 55 genes that survived Pfenning and colleagues' validation at P < 0.05 threshold: NECAB2, SLIT1, PLXNC1, NOL4, SNCA, GPM6A, GAP43, GABBR2, PVALB, RTN4R, NEUROD6, C1QL3, GABRB3, LINGO1; all 14 are protein-coding genes. In the next step, I consulted work by Iossifov and colleagues' who sequenced whole blood DNA in autism families and published LGD scores for 23,953 genes (normalized values ranging between 0 and 1, and available in the Supplementary Data 03 in Iossifov et al. (2015) ). Thus, for each of the 14 genes (Pfenning et al., 2014) I examined each gene's corresponding LGD score (Iossifov et al., 2015) .
Results
Parameter estimates for speech with alternating stress patterns, native language, and during sleep
While listening to human speech with alternating stress patterns on words during an fMRI scan, 9-10 mo-old infants in the HR cohort showed notable differences in their head movements relative to 9-10 mo-old infants in the HR cohort. The empirical cumulative distribution functions (eCDFs) were significantly different between HR and LR cohorts of 9-10 mo-old infants (N = 26 HR vs. N = 26 LR ) for angular (twosample K-S test, D = 0.1765, P = 7.1096e−61) and linear (two-sample K-S test, D = 0.0730, P = 9.2667e−11) head movement speeds.
( Supplementary Fig. 1 shows the entire time series for alternating syllabic stress condition, for each cohort; also shown are head movement data from the native language scan and a scan during which infants were resting or sleeping).
Examination of individual parameter estimates on the Gamma parameter plane revealed an expected overall linear association between a (shape) vs. b (scale) parameter estimates for all infants ( Supplementary Fig. 2 ). Note that overall, for all three conditions, infants with higher levels of noise-to-signal levels (b, scale parameter on the y-axis) have more random, noisy signatures (a, shape parameter on the x-axis), tending towards Exponential distributions) in their head movements, following a power-law relation f(x) = a * x b (Supplementary Table presents corresponding goodness-of-fit results across and within each risk group and for all three conditions).
In the alternating syllabic stress condition, LR infants' residuals on the a vs. b fit (angular speed) significantly deviated from linearity relative to those of LR infants: Kruskal-Wallis, χ 2 (1, N = 52) = 38.26, P = 6.1787e−10 (consistent for linear speed) ( Supplementary Fig. 3 ). This pattern held when infants heard native language: Kruskal-Wallis, χ 2 (1, N = 50) = 36.76, P = 1.3328e−09 (consistent for linear speed).
On the other hand, HR infants' residuals on the a vs. b fit (angular speed) significantly deviated from linearity relative to those of LR infants: Kruskal-Wallis, χ 2 (1, N = 52) = 38.26, P = 6.1787e−10 (consistent for linear speed) while infants were sleeping or resting. HR infants' cohort shows a significant difference (non-overlapping 95% CIs) on both shape and scale parameter estimates relative to the LR cohort (Fig. 1) . Specifically, HR infants' data are in significantly different locations in the Gamma parameter space, characterized by atypically lower noise-to-signal levels (scale, b parameter) and atypically higher levels of symmetry (shape, a parameter) (red diamond symbols; consistent findings for linear data (inset)).
Comparison of signatures on all three tasks revealed that relative to the LR cohort, the signatures of the HR cohort on the alternating syllabic stress condition are consistent to those from the listening task in which infants were presented with native language (square symbols) ( Supplementary Fig. 4a ). Furthermore, HR infants' data shows a reverse pattern during sleep (star symbols) relative to those of LR infants: HR infants' signatures are characterized by a lower shape parameter (tending towards more Exponential distribution) and a higher scale parameter, indicating higher lower noise-to-signal levels ( Supplementary Fig. 4a ) (patterns are consistent for normalized speeds data ( Supplementary Fig. 4b) ).
Developmental trajectory on the language subscales
Infants in the HR group had a shallower, less rapidly rising slope for both EL and RL scores as a function of age compared to LR infants. Notably, HR infants' RL slope was significantly negative (95% CIs do not cross 0). The between-group trend for lower slopes for HR infants approached significance for RL slope fits (LR = 0.0592 (−0.0363, 0.1547 95% CIs) and HR = −0.1086 (−0.1912, −0.026 95% CIs)) but not EL slope fits (LR = 0.08006 (−0.0062, 0.1663 95% CIs) and HR = −0.0224 (−0.108, 0.0632 95% CIs)) (i.e., overlapping 95% CIs) ( Supplementary Fig. 5 ). A significantly negative association was detected between higher scores on the ADOS-2 Toddler Module given at 18 months and flatter slopes on the RL trajectory for HR infants (with individual slopes on their RL trajectory and ADOS-2 Total scores) (r s (22) = −0.3585 (P = 0.0427, one-tailed)) ( Supplementary Fig. 6 ).
An analysis serving to ascertain whether EL and RL scores are lower in HR vs. LR infants, in published data from four representative high risk infant-sibling studies (Chenausky et al., 2017; Ekas et al., 2017; Lazenby et al., 2016; Ozonoff et al., 2015) with known ASD outcomes for HR infants in toddlerhood (comprising a total of ∼774 infants), revealed that HR infants across all four studies scored lower on EL and RL subscales. Two of these studies showed non-overlapping 95% CIs for HR relative to LR infants (Ekas et al., 2017; Lazenby et al., 2016) , and one study showed non-overlapping 95% CIs between HR ASD positive and HR ASD negative infants (Ozonoff et al., 2015) ( Supplementary  Fig. 7 ). I next asked whether atypical movement patterns while listening to words during an fMRI scan in HR infants can be linked to atypical patterns on language reception ability, such that when infants are subgrouped by the individuals infants' trajectories on the RL scores over time from approximately 6 to 36 months.
Association between movement signatures during language listening and Mullen RL scores
An informative link between the rapidity in attaining progress on early receptive language over the first years of life and movement patterns emerged in HR and LR 9-10 mo-old infants (Fig. 2) . First, Fig. 1 . Stochastic signatures of head movements during an fMRI scan in which infants listened to language with alternating stress patterns on words. The parameter estimates are shown for two groups of 9-10 mo-old infants, those at High Risk (HR) and at Low Risk (LR) for developing autism later in life (N = 26 HR and N = 26 LR ). As a group, HR infants' signatures on the language task with alternating stress patterns are characterized by a higher shape, a parameter (x-axis) value, tending towards a more Gaussian distribution and a lower scale, b parameter (y-axis), indicating lower noise-to-signal values. This pattern is overall consistent for parameter estimates from linear speed (inset). Error bars denote 95% Confidence Intervals (CIs). considering the language condition during which infants were presented with alternating stress patterns on words, HR infants with the least rapidly rising RL slope (who were "stuck") had signatures in the atypically least noisy and more symmetrical locations on the Gamma parameter plane (non-overlapping 95% CIs for parameter estimates from both angular and linear speed). The signatures were consistent for the native language condition. Further, note that infants in the HR subgroup showed noise levels that were atypically elevated and least symmetrical during sleep. LR infants who made the most progress had the most noisy and least symmetrical statistical features of head movements during both language listening conditions. In contrast to HR infants' data during sleep, LR infants' signatures during sleep were the least noisy and most symmetrical (non-overlapping 95% CIs).
Atypical ordering of signatures on the 3 tasks for HR infants with the greatest ASD manifestations
For the 24 out of 26 HR infants with available clinical information, a pattern of atypical noise-to-signal levels and atypical symmetry, as well as the most atypical ordering of signatures across the three conditions was detected, in particular in the ASD "quantitative best estimate" subgroup (non-overlapping 95% CIs). Relative to other HR subgroupings and the LR cohort, HR infants in this ASD group had the noisiest and least symmetric of all data points during sleep and the most atypical signatures (less noisy and more symmetric during both language conditions) (Fig. 3) . Of note, HR infants in the non-ASD subgroup showed signatures that were more normative (higher noise levels and less symmetry in the two language conditions, and a pattern towards less noisy, more symmetrical signatures during sleep), approaching the ordering of the 3 conditions shown by the LR group. The patterns of HR infants who were subgrouped only by their ADOS-2 Module T scores at 18 months were comparable to the current analysis, such that HR infants with the greatest autism manifestations had the most atypical orderings of signatures on the 3 tasks ( Supplementary Fig. 8 ).
Vocal learning genes and likely gene disrupting scores: evidence from autism genetics publications
The final query, into the corresponding Likely Gene Disrupting (LGD) scores (Iossifov et al., 2015) for the 14 vocal learning genes identified by Pfenning and colleagues and validated at P < 0.05, revealed that these genes' LGD scores ranged from 0.008 (SLIT1, lowest score) to 0.76 (C1QL3, highest score), and 5 of the 14 genes (SLIT1, LINGO1, PLXNC1, GABRB3, NOL4) had scores less than 0.1. A lower LGD score indicates that a DN mutation on that gene would be particularly likely.
Discussion
Atypical sensorimotor signatures during language perception in a still-developing central nervous system have adverse consequences on both the concurrent and future (receptive) language competence and on the future communication competence in toddlerhood.
The biological mechanism subserving language development is less acquisitive in HR infants
Atypically lower noise-to-signal and increased symmetry of head movements distinguished 9-10 mo-old HR from LR infants of the same age, while infants from both groups had language with alternating stress patterns on syllables presented to them during an fMRI scan. This finding extends the earlier finding of lower noise-to-signal and increased symmetry in HR, relative to the LR cohort, while infants were presented with native language speech during an fMRI scan at Fig. 2 . Distinct trajectories on the RL standard scores are linked to head movement signatures while listening to language with alternating stress patterns on words at 9-10 months. Parameter estimates shown for angular speed data from 9 to 10 mo-old infants at High Risk (HR) and Low Risk (LR) for developing autism later in life as a function of subgroupings of infants on individual longitudinal trajectory on the RL subscale of the Mullen Early Learning scale (the pattern is overall consistent for linear speed; inset). For each infant, subgroupings were formed in a data-driven manner by computing the slope over the RL scores from multiple Mullen administrations (between approximately 6 and 36 months for most infants). Within each risk group, infants were subgrouped according to those with a higher, more positive slope on the RL standard scores ("progress": filled symbols; N = 13 HR , N = 13 LR ) and those with a shallower (flatter) or a negative slope ("stuck": open symbols; N = 13 HR , N = 12 LR ). For each subgrouping, parameter estimates are shown for head movement data during 3 different MRI scans: hearing language with alternating syllabic stress patterns ("alt"), hearing native language ("nati"), or resting or sleeping ("rest"). The location of parameter estimates as a function of progress on the RL trajectory depends on autism risk and condition. In the language condition with alternating stress patterns on words, HR infants' parameter estimates were in the atypically least noisy and most symmetrical location especially for those who had flatter or stuck RL progress (open red diamond; consistent pattern in the native language condition: open red square) but these infants also had atypically elevated noise levels and decreased symmetry during sleep (open red star). LR infants who made the most progress had the most noisy and least symmetrical parameter estimates during both language listening conditions, in particular, during one in which language with alternating stress patterns on words was heard (filled blue diamond). In contrast to HR infants' data during sleep, LR infants' signatures during sleep were the least noisy and most symmetrical. RL denotes Receptive Language scores. Error bars denote 95% Confidence Intervals (CIs).
9-10 months (Denisova & Zhao, 2017) . For both cohorts, the parameter estimates from the condition with alternating stress pattern on words were characterized by the higher noise-to-signal and lower symmetry relative to the native language condition. It may be expected that 9-10 mo-old infants would react differently to the different language stimuli in the two conditions. By 9-10 months, infants have gotten used to the rhythm or meter most often used in their native language. Hearing unstressed words, or words on which stress on syllables is placed at random, would be inconsistent with how language is normally spoken in an infant's environment. In this context, the alternating stress of the syllables is a novel language condition for infants, especially those infants who reveal competence on the receptive language as measured using standardized instruments, such as the Mullen. In the present study, infants from either group who showed the most rapid progress on their standard RL scores during the first few years of life also showed the most noisy and least symmetrical parameter estimates on the alternating syllabic stress condition, relative to infants who showed less rapid progress.
Relative to LR infants, HR infants showed less rapid progress on the Mullen standard language scores from about 6 to 36 months. Additional analyses on the published language scores data revealed overall lower scores for HR relative to LR infants, whether or not HR infants developed ASD in toddlerhood. Interestingly, for individual HR infants, lower slopes (less rapid progress) on the receptive language subscales were significantly correlated with higher ADOS scores at 18 months. Taken together, these patterns suggest that unlike LR infants, HR infants moved their heads less and in an atypical manner in response to listening to language sounds. Next, I consider the importance of these findings for our understanding of the atypical functioning of the neurobiological mechanism that underlies language development in humans. Fig. 3 . Linking stochastic signatures during a language listening task in which infants heard words with alternating stress patterns (a) (diamond symbols) as well as signatures during a native language listening task (b) (square symbols) and during rest or sleep (c) (star symbols) at 9-10 months of age, with autism manifestations in toddlerhood. (d) presents data points from all 3 conditions from a-c on one plot. The color coding scheme corresponds to the ASD subgroupings. HR infants (N = 24) were subgrouped using the 'quantitative best estimate' approach, using all available information for a given infant, including scores on the ADOS-2 (Toddler Module) administered at 18 months, gold standard diagnoses of ASD if available at 36 months, and available medical history, including whether infants have had seizures, are non-verbal, whether there was in-utero exposure to medication, and/or whether the infant has a 2nd sibling with an ASD. Panel d illustrates that HR infants in the ASD subgrouping (N = 4) had the most atypical ordering of head movement patterns in the 3 conditions, unlike all other infant subgroupings (noisiest and least symmetric of all data points during sleep, and the most atypical signatures (less noisy and more symmetric during both language conditions), compared to non-ASD HR infants (N = 10), meaning those who had no ASD diagnosis and whose ADOS scores were in the range of least concern, as well as those HR infants receiving total ADOS scores greater than 5 but without information about a definitive ASD diagnosis (N = 9). LR data points represent parameter estimates from LR infant cohort shown, in Fig. 1 for the alt condition (N = 26) and in Supplementary Fig. 4a for the nati (N = 25) and for the rest (N = 26) conditions. A consistent and notable pattern for non-ASD HR infants is that this subgroup's signatures are more normative (higher noise levels and less symmetry in the language conditions, and a pattern towards less noisy, more symmetrical signatures during sleep), approaching the ordering of the 3 conditions shown for the LR group. The patterns are consistent for linear speed (insets). Note. Error bars denote 95% Confidence Intervals (CIs).
The development of communication competence supposes a complex perceptual mechanism which, in childhood and adulthood, normally contributes to our ability to "pull out the acoustic patterns that convey words from the stream of speech" (Lieberman, 2016) . Newborns and even fetuses possess powerful perceptual auditory abilities, including detecting rhythm in music (Winkler, Háden, Ladinig, Sziller, & Honing, 2009 ) and discriminating native and non-native language (May, Byers-Heinlein, Gervain, & Werker, 2011) . During the 1st year of life, perceiving (hearing and attending to) ambient speech is primarily important for infants, as during this critical time the mechanisms that support the detection of relevant structure in the auditory input drive changes in the receptive fields in the auditory cortex (Nakahara, Zhang, & Merzenich, 2004) . This "tuning" is thought to rapidly re-organize the developing brain during language acquisition while infants continue to hear, learn, and produce vocalizations. Of relevance to the current work, research in zebra finches (an important songbird model for understanding vocal learning and discussed below) shows that social interaction enhances vocal learning, an effect reflected in the activity of the midbrain circuitry (Chen, Matheson, & Sakata, 2016) . Around 10 months of age, typically developing infants begin to be able to abstract linguistic content (Gomez & Gerken, 1999) .
Consistent with the idea that the auditory and speech processing mechanisms are not appropriately "acquisitive" (cf. Middlebrooks, 2003) in some infants who are genetically at a high risk for developing autism, infants in the HR cohort who showed the least rapid progress on their standard RL scores during the first few years of life also showed the most atypical, least noisy and most symmetrical parameter estimates in both language conditions, with the least typical parameter estimates in the task during which infants heard language with alternating stress patterns on words. Thus, one interpretation of these findings is that the central nervous system of infants who are a high familial risk for developing autism may be less attuned during processing of evolutionarily important inputs, with adverse consequences for language competence in toddlerhood.
Atypical ordering of sensorimotor signatures in the 3 conditions in HR infants with ASD in toddlerhood suggests disrupted learning processes
In line with a previous study that involved a subset of infants from the current sample (Denisova & Zhao, 2017) , the current study found that during sleep rs-fMRI scan at 9-10 months, HR infants' head movements were characterized by atypically higher noise-to-signal levels and lower symmetry, relative to the LR cohort who showed an opposite pattern. Considering these patterns relative to those in the two language conditions, it is notable that the HR cohort had the most noisy and least symmetrical parameter estimates during sleep rs-fMRI scan, in contrast to the patterns observed in the language conditions (least noisy and more symmetrical). One way to understand these findings is to consider that sleep is very important for many learning processes in infancy and supports general cognitive development of the neonates, infants, and toddlers. Because at 9-10 months, infants continue to require sleep more so than toddlers and older children (although the requirement for sleep is less than for newborns), atypically noisier and less symmetrical statistical features of head movements during sleep may indicate more fragmented sleep in the HR cohort. This interpretation would suggest that atypical head movements may be rousing infants during sleep. If so, atypical movements during sleep could interfere with important memory consolidation processes (cf. Gómez, 2017; Simon et al., 2017) in the HR cohort. Of note, sleep has been shown to influence longer-term language retention in a recent study with 6.5 mo-old typically developing infants (Simon et al., 2017) . In a study with 6-8 mo-olds typically developing infants, Friederich and colleagues (Friedrich, Wilhelm, Molle, Born, & Friederici, 2017) found that infants who had longer naps showed a more mature brain response, indicative of a shift from a perceptual to a semantic representation of word meanings. Compellingly, the capacity to form more abstract generalizations was absent in infants who took a shorter nap (Friedrich et al., 2017 ).
An alternative, although not mutually exclusive, possibility is that atypical spontaneous movements in HR infants during sleep may interfere with the maturation of sensorimotor maps in the developing nervous system. In early life, spontaneous movements during sleep help build sensorimotor maps in the central nervous system, because they lack corollary discharge (e.g., Tiriac, Del Rio-Bermudez, & Blumberg, 2014) ; atypical movements may interfere with this process. If so, atypical spontaneous movements during sleep may impact the developing nervous system in a deleterious manner, making it more likely that during wakefulness, HR infants may exhibit atypical head turning to important sounds distinguished by atypical stress patterns. Future work with young humans at risk for autism during the 1st year of life is needed to establish causality between head movement signatures during rest and infants' language acquisition and competence, in particular pertaining to mechanisms supportive of how humans abstract linguistic meaning. Teasing apart these alternative mechanisms early in life, using a dense sampling strategy and multi-method approach, preferably before 6 months of age, will help us understand the causal determinants of atypical development in children. This effort is necessary in order to dissect the origins of diverse outcomes in children, including language delay, general delay, and ASD.
With regard to these possibilities, it cannot be ignored that 9-10 mo-old HR infants with the worst ASD manifestations in the future-in toddlerhood-had the most atypical ordering of the parameter estimates across all 3 conditions: during sleep, the most noisy and least symmetrical relative to the LR cohort and during both language conditions, the least noisy and least symmetrical relative to the LR cohort. Such atypically ordered quantitative signatures of head movements to different conditions in the HR cohort point to not only an atypical perceptual sensitivity to variations in the sounds of language, but also to a potential disruption in the circuitry that subserves learning. I next consider the implications of these findings for our understanding of the atypical functioning of the potential neurobiological mechanism that may underlie language development in humans.
Potential disruption of mechanisms of vocal learning during critical period for language acquisition
Only a few vertebrates, including some mammals (e.g., humans, cetaceans, and bats) and birds (e.g., songbirds) have the ability for vocal learning-the "rare trait" enabling us produce vocalizations as guided by a tutor (Pfenning et al., 2014) . Given the focus on the songbird robust nucleus of the arcopallium (RA) for gene expression analyses, I focus the discussion of birdsong around role of RA in the learning and production of birdsong, in zebra finches (it should be noted that zebra finches, while a predominant model to study song development in the field, are unlike some other songbirds such as canaries who maintain seasonal plasticity throughout life.)
The RA, which corresponds to human laryngeal motor cortex (LMC; located in the precentral gyrus in the frontal lobe in humans), is necessary for production of learned vocalizations, and it has direct projections to brainstem vocal motor neurons in the nucleus ambiguous which control the syrinx muscles (the syrinx is the avian analog of the larynx in mammals) (Jarvis, 2004) . The RA and the HVC (proper name), a structure which supports timing and precision of song (Reiner, Perkel, Mello, & Jarvis, 2004) , comprise the posterior vocal pathway. But, inputs to RA change as a function of time or age (Aronov, Andalman, & Fee, 2008; Garst-Orozco, Babadi, & Ölveczky, 2014) and activity (Hayase et al., 2018) . Moreover, RA controls and modulates motor plasticity as a function of development (e.g., Jin & Clayton, 1997) and it supports the formation of memories pertaining to circuit changes, thus underlying learning (Sizemore & Perkel, 2011 ) (also discussed below). Converging on the RA is the output of the anterior pathway, which comprises a cortico-striatal-cortical loop in vocal learning circuitry, and involves basal ganglia structures (including Area X) as well as the lateral magnocellular nucleus of the neopallium (LMAN). The RA/LMC also projects to the striatum (this projection has been verified using tracing methods in zebra finches; Area X is the striatal nucleus in the song system (Jarvis, 2004) ). The structures in the anterior pathway support motor variability and plasticity during critical periods of vocal learning, including vocal explorations called subsong, which is similar to human babbling (Garst-Orozco et al., 2014) . For example, Aronov and colleagues (Aronov et al., 2008) showed that subsong production requires LMAN, but not HVC. This finding indicates that distinct, not similar, circuits are recruited to support vocal variability and learning in juvenile zebra finches, compared to the circuits and song nuclei (HVC) recruited to produce learned, crystallized song in adults (Aronov et al., 2008) . Further, Garst-Orozco and colleagues reported re-organization of the HVC-RA circuit during vocal learning (Garst-Orozco et al., 2014) via pruning, providing evidence that this circuit takes on a greater, modified role in later stages of sensorimotor learning. Sizemore and Perkel (2011) detected long-term depression (LTD), which suggests changes in synaptic strength, at recurrent collateral synapses in the RA only during the critical period of vocal learning-sensorimotor learning (i.e., before song achieves relative stereotypy or crystallization) in juvenile zebra finches (Sizemore & Perkel, 2011) . In contrast, LTD was absent in more mature zebra finches whose song already crystallized (Sizemore & Perkel, 2011) . These findings highlight the important, distinct roles and contributions of RA (LMC in humans) during the critical window for vocal learning, positioning LMC as a highly significant structure in the study of atypical language acquisition in humans.
The roles of particular genes in sensorimotor signatures during speech comprehension or auditory processing
In early development, active listening and social tutor-driven experience (Chen et al., 2016 ) is extraordinarily important. Normal vocalizations presupposes close-to-normal hearing of the pupil, in order to imitate and produce more or less "desired" vocalizations according to the tutor (Doupe & Kuhl, 1999 ) (in the current sample, no child had abnormal hearing as ascertained from medical records). These activities help build adult-like neural circuits for producing vocalizations. An important question, then, is what are the roles of particular genes in sensorimotor signatures during speech comprehension or auditory processing?
Studies with zebra finches emphasize the importance of performing a motor action (e.g., active singing in adults, and subsong or babbling in juveniles). For this reason, it is important to note that motor-driven neuronal activity has been initially studied using motor-driven gene expression of immediate-early genes (IEGs) (Jarvis & Nottebohm, 1997) . In general, IEG expression is part of a neuron's normal response to behavioral stimuli and so IEG gene expression is used as a marker of the underlying neuronal activity (Mello, Vicario, & Clayton, 1992) . But, different regions in the song system may show different expression profiles depending on the putative functional involvement of the specific region (e.g. while singing-a motor act), which could be dictated by the need to replenish proteins involved in synapses and/or for strengthening motor memories (Jarvis & Nottebohm, 1997) , for instance, in a "lasting manner through changes in gene expression" (Jarvis & Nottebohm, 1997) . Thus, neuronal activity, and motor-driven neuronal activity in particular, is associated with changes in the genetic expression of genes in distinct song nuclei, meaning that motor-driven neuronal activity could uniquely contribute to synapse changes during sensitive or critical time windows and thus interact with circuit development (Hayase et al., 2018) , a significant but underappreciated fact from the perspective of how language is acquired in humans. If the needed motor-driven neuronal activity and the associated gene expression in key regions is absent during a critical window for language acquisition, then the requisite, distinctly adult neural circuits will likely develop in an atypical manner.
For example, EGR1 (Early Growth Response 1; also known as ZENK)
is an IEG which functions as a transcriptional regulator. EGR has a relatively low LGD of 0.07 (Iossifov et al., 2015) . The patterns of EGR1 gene expression are different across regions of the brain, in zebra finches shortly after they listen to song, compared to after they sing themselves (e.g., Jarvis & Nottebohm, 1997; Lampen, Jones, McAuley, Chang, & Wade, 2014) and EGR1 levels are elevated for socially tutored (vs. passively tutored or untutored) juvenile zebra finches (Chen et al., 2016) . Within the RA, Jin and Clayton (1997) found that zenk induction lessened with more mature song, indicating developmental motor plasticity changes (Jin & Clayton, 1997) . Hayase et al. (2018) dissociated singing activity-dependent vs. age-dependent gene expression (egr1 as well as fos, but also other genes) in RA neurons of zebra finches, by comparing juveniles undergoing vocal learning, adults who were prevented from singing as juveniles, and adults reared normally (Hayase et al., 2018) . Further, Hayase and colleagues detected a higher dendritic spine density in the neurons projecting from the RA to motor neurons in juvenile and adult zebra finches who were prevented from signing, but not in normally reared adult zebra finches (Hayase et al., 2018) . This finding reveals how cumulative singing experience can, via differential neuronal activity in RA as detected using gene expression, exert morphological consequences in the song nuclei, by pruning RA projection neurons. I next consider more specifically how some vocal learning genes with convergent expression in the RA/LMC play a role in contributing to sensorimotor signatures to speech sounds. Overall, the genes with convergent specialization in RA and its human homologue LMC are characterized by their involvement in cognition, learning, memory, neuritogenesis, the development of neuronal connections, and dendrite and axon growth (Pfenning et al., 2014;  Table S4E ).
Infant head-turning to speech sounds may implicate Slit Guidance Ligand 1 (SLIT1) and its receptor, Roundabout Guidance Receptor 1 (ROBO1) molecules, which comprise the SLIT-ROBO molecular pathway. SLIT1 has the lowest LGD score of all 14 vocal learning genes (LGD = 0.008). Because SLIT-ROBO pathway supports, in part, the normal crossing of auditory and other nerves across the ventral midline of neural tube, with SLIT1 providing the molecular cue during cellular migration and ROBO1 supporting axonal navigation and projection, dysfunction of these molecules and their processes during a critical window for perception of speech sounds, in the context of language acquisition, could manifest in atypical pruning and immature or delayed circuitry relevant for speech reception as well as production, and have cascading consequences for further cognitive development. In a study of the SLIT-ROBO pathway and its mechanisms in the RA in juvenile zebra finches, Wang et al. (2014) found transient upregulation of the ROBO1, in the RA, only during the critical window for vocal learning (SLIT1 was found to be downregulated across posthatch stages and into adulthood) (Wang et al., 2015) . A recent deep whole-genome sequencing analysis of autism families by Turner and colleagues (Turner et al., 2017 ) detected a mutation in ROBO1 in an unaffected sibling. The SLIT-ROBO pathway is involved in dyslexia, a reading disorder associated with auditory problems. For example, Lamminmaki, Massinen, Nopola-Hemmi, Kere, and Hari (2012) detected impaired, "dose-dependent" interaural responses in dyslexic individuals with a rare, weakly expressing haplotype of the ROBO1 gene (Lamminmaki et al., 2012) . The authors argued that adequate ROBO1 expression level is required for normal crossing of the auditory fibers and normal interaural interaction (Lamminmaki et al., 2012) . As atypical signaling of these molecules at the optic chiasm affects the visual system (e.g., Plump et al., 2002) , the SLIT-ROBO pathway is a provocative mechanism for the precise study of emerging atypical development of language, communication atypicalities, as well as reading difficulties in children with ASD.
The adaptive circuitry required for typical sensorimotor signatures to speech sounds may be underwritten by the Leucine-Rich Repeat and Immunoglobulin Domain-Containing (LINGO1) gene involved in neuron-glia interactions (Tomassy, Dershowitz, & Arlotta, 2016) , such as those between neurons and oligodendrocytes, the cells in the CNS that generate myelin. In particular, LINGO1 is important for neurite growth and is a negative regulator of oligodendrocyte differentiation and axonal myelination (Andrews & Fernandez-Enright, 2015) . LINGO1 regulates different stages of oligodendrocyte development (Tomassy et al., 2016) . Because neuronal interactions with oligodentrocytes are layer-specific, different profiles of myelination emerge for pyramidal cortical neurons located in different layers (Tomassy et al., 2014) . Further, neuronal activity can drive and interact with myelination processes in a feedback manner (Bercury & Macklin, 2015) , with adaptive changes in myelination affecting subsequent neuronal activity and thus circuit plasticity (Tomassy et al., 2016) . Oligodentrocyteneuronal interactions across the layers may contribute to myelination patterns or distributions that especially support the precision and quality of signal transmission in the vocal learning circuitry. Atypical myelination patterns in some regions of the vocal learning system may cause young learners to retain, for longer, the immature circuit (e.g., that supports babbling) rather than a distinct circuit relying on recognition of sound syllable representations and combinations, and supporting more sophisticated vocal production (which involves HVC, but does not require LMAN; (Aronov et al., 2008) ). If so, then the RA (LMC in humans) would be delayed in locking in and storing synaptic patterns and circuit changes at the end of vocal learning for zebra finches (at the end of the babbling period for humans and when language-specific sound combinations are recognized, around 9 months; Kuhl, 2004) . Of note, McInnes et al. (2010) detected speech delay in 80% of ASD cohorts with deletion of LINGO1 (McInnes et al., 2010) . Thus, LINGO1 and other genes (e.g., SNCA, discussed below) might contribute to, or underlie, differences in myelination associated with individual differences in neuronal activity, such as when detecting speech with anomalous syllabic stress patterns, and may affect plasticity of these circuits with important cognitive and behavioral consequences for young humans.
Other genes considered here could contribute to atypical sensorimotor signatures observed in high risk infants. For example, the Growth Associated Protein 43 (GAP43) shows elevated expression in the neuronal growth cones during development, and Alpha Synuclein (SNCA) contributes towards presynaptic signaling and would support plasticity in the vocal circuits; both GAP43 and SNCA have been implicated in movement disorders and neuritogenesis (Pfenning et al., 2014) . In particular, SNCA was found to be upregulated in peripheral blood of musicians after a performance (Kanduri et al., 2015) and its mutations have been consistently implicated in Parkinson's disease (cf. Taoufik, Kouroupi, Zygogianni, & Matsas, 2018) . The mechanism of atypical functioning of SNCA in neurodevelopment is not well understood, but one possibility is that atypical presynaptic signaling via SNCA, coupled with atypical oligodentrocyte-neuronal interactions (e.g., via LINGO1) could impede the establishment of normal sensorimotor signatures during critical periods for language acquisition.
A gene of interest is Gamma-Aminobutyric Acid Type A Receptor Beta3 Subunit (GABRB3) (LGD score = 0.081) since, according to Iossifov et al. (2015) it is a "causal autism gene" (posterior probability > 0.8 for a gene to be a vulnerable autism target), in the class of "single LGD higher IQ" (Iossifov et al., 2015) (Supplementary Data 02 in (Iossifov et al., 2015) lists 239 target genes with high (> 0.8) posterior probability)). Specifically, GABRB3 is a protein-coding gene, with the encoded protein "one of the subunits of a multi-subunit chloride channel that serves as the receptor for gamma-aminobutyric acid" GABA (genecards.org), an inhibitory neurotransmitter in the adult brain. While its complex role in the newborn CNS is a matter of recent debate (Valeeva, Tressard, Mukhtarov, Baude, & Khazipov, 2016; Zilberter, 2016) , a disruption in its function may contribute to ASD (e.g., (DeLorey et al., 2011; Vien et al., 2015) ) and related disorders of neurodevelopment (e.g., (Epi4K Consortium & Epilepsy Phenome/ Genome Project, 2013)). For example, Turner and colleagues (Turner et al., 2017 ) detected a DN coding event in GABRB3 in more than 2 individuals with ASD (see Fig. 4 in Turner et al., 2017) . I posit that improved understanding of genes involved in vocal learning and related processes is a promising, hypothesis-driven approach to understand how atypical language acquisition emerges in ASD.
Indeed, the role of specific genes, or clusters of genes, DN mutations on which may dissociate between infants developing ASD from those who are atypically developing per se is a complex question. While infants at high familial risk for developing autism are, by definition, at a higher genetic risk for autism, one challenge is that we are faced with "many to one" mappings (i.e., and not an isomorphic, "one to one" mapping)-given 2 toddlers who receive consensus ASD diagnoses, distinct contributions from, and interactions between, genetic and neurobiological systems could underlie and contribute to their ASD outcome. Care is also warranted when considering the penetrance of specific mutations, as Iossifov and colleagues caution that "we do not see them often enough in an unselected population" (Iossifov et al., 2014) . Further, DNA sequencing studies currently consider autism cases as static representations of genes and phenotypes, but this position obfuscates the fact that ASD outcomes and/or even ASD status may change as children grow (Lord, Bishop, & Anderson, 2015) . As an example of this instability in the current cohort, 3 HR infants who were considered to be in the lowest range of concern at 18 months received ASD diagnoses at 36 months.
In tackling the origins of this complexity, I argue that research with zebra finches illuminates several highly significant clues about how atypical development may emerge in humans. The first key point is that neuronal activity and the associated genetic expression drives circuit development, but only during a specific, critical window for vocal learning, as has been shown in juvenile zebra finches (i.e., within the 1st year of life in humans). Genes involved in the SLIT-ROBO molecular pathway as well genes involved in the oligodentrocyte-neuronal interactions (LINGO1) appear important for tracking corrupted genetic relays that produce atypical language acquisition in humans. The second key point is that vocal learning circuits in adult zebra finches are not a more mature version of the juvenile circuits. Assuming this tenet also holds for humans, we need to investigate how a distinct, mature circuit emerges during language acquisition in humans. The LMC is an important region for these investigations because of its role in storing circuit changes, for instance, those changes associated with "doing" or performing an action, in particular, babbling. Infants with atypical motor-driven neuronal activity during critical time periods for language acquisition (e.g., due to mutations in certain genes or in clusters of genes, and/or due to epigenetic processes) may develop atypical brain circuitries that impede, instead of facilitating, the highly complex interactions that humans normally have; this atypical feedback process will have deleterious cascading effects in toddlerhood.
Conclusion
The current study detected familial autism risk-driven differences in sensorimotor signatures while listening to speech with alternating syllable patterns on words during an fMRI scan in a large (N = 52) sample of 9-10 mo-old infants, an effect that scaled with slower progress on the receptive language subscales of the Mullen between 6 and 36 months. Comparing sensorimotor patterns during a native language and a sleep scan revealed the most atypical ordering of signatures for all 3 tasks in a subset of HR infants who later developed ASD: the least noisy and most symmetric while listening to language and the noisiest and least symmetric while sleeping. These findings indicate that the biological mechanism underlying language development during the 1st year of life is influenced by an individual's genetic risk for developing autism spectrum disorders and is least acquisitive in HR infants who go on to develop ASD in toddlerhood.
Statement of significance to the neurobiology of language
Humans are extremely variable in perception and cognition but the role of atypical perceptual sensitivity to atypical language development in some young humans is not well understood. The biological mechanism of language development during the 1st year of life is influenced by an individual's genetic risk for developing autism spectrum disorders and is least acquisitive in high risk infants who go on to develop ASD in toddlerhood.
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